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TFIID is the main sequence-specific DNA-binding com-
ponent of the RNA polymerase II (Pol II) transcrip-
tional machinery. It is a multiprotein complex
composed of the TATA-binding protein (TBP) and
TBP-associated factors (TAFy;s). Here we report the
cloning and characterization of a novel human TBP-
associated factor, hTAF;68. It contains a consensus
RNA-binding domain (RNP-CS) and binds not only
RNA, but also single stranded (ss) DNA. hTAF;68
shares extensive sequence similarity with TLS/FUS
and EWS, two human nuclear RNA-binding pro-
oncoproteins which are products of genes commonly
translocated in human sarcomas. Like hTAF;68, TLS/
FUS is also associated with a sub-population of TFIID
complexes chromatographically separable from those
containing hTAF[;68. Therefore, these RNA and/or
ssDNA-binding proteins may play specific roles during
transcription initiation at distinct promoters. More-
over, we demonstrate that hTAF;68 co-purifies also
with the human RNA polymerase II and can enter the
preinitiation complex together with Pol II.
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Introduction

Transcription can be divided into several processes that
include promoter recognition and binding, preinitiation
complex (PIC) assembly, RNA chain initiation, RNA
chain elongation and termination. Initiation of transcription
by RNA polymerase II (Pol 1I) from a core promoter
region requires the coordinated action of several initiation
factors which form a PIC (Serizawa er al.. 1994). Assembly
of the PIC is nucleated by the sequence-specific binding
of the TATA-binding protein (TBP) to the core promoter.
TBP is the main DNA-binding subunit of the TFIID
multiprotein complex. TFIIB then interacts with TFIID
(or TBP)-DNA complex allowing the subsequent entry
of TFIF and Pol II to form the DBPolF complex (Zawel
et al., 1995). A systematic in vitro study of 14 supercoiled
core promoters indicated that with the exception of the
immunoglobulin heavy chain promoter, which required
only TBP. TFIIB and Pol II, all other promoters tested
required. in addition. TFIIF for basal transcription (Parvin
et al.. 1994). Transcription from promoter templates with
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relaxed DNA topology is turther dependent on TFIIE and
TFIIH (Timmers, 1994; Holstege et al., 1995). In contrast
to the sequential assembly model of PIC formation the
recent discovery of the Pol II holoenzyme suggests that
the initiation complex may in fact exist in the cells as a
superassembly of Pol II, initiation factors, mediators and
coactivators, all physically linked through a network of
protein—protein interactions (Kim et /., 1994; Hengartner
et al., 1995; Ossipow et al., 1995).

The exact molecular mechanism by which upstream
activators stimulate transcription is not known. TBP alone
is sufficient for basal level transcription in vitro, whereas
the multisubunit TFIID complex(es) containing TBP and
up to 13 TBP-associated factors (TAFys) (Pugh et al.,
1991; Tanese et al., 1991; Timmers et al., 1992; Zhou
et al., 1992; Brou et al., 1993a; Chiang et al., 1993;
Yokomori et al., 1993; Jacq et al., 1994; Mengus et al.,
1995) is required for activated transcription. Transcrip-
tional activation experiments, using either partially
assembled TFIID complexes or antibodies raised against
TAFy;s, confirmed that TAFs are required for activated
transcription and have demonstrated that different tran-
scriptional activation domains interact with distinct TAF;s
(Goodrich et al., 1993; Hoey et al., 1993; Chen et al.,
1994; Jacq et al., 1994; Sauer et al., 1995). In addition,
TAF;;s have also been shown to be involved in promoter
recognition (Verrijzer et al., 1994) and in protein—protein
interactions with general transcription factors (Goodrich
et al., 1993: Histake et al., 1995; Klemm et al., 1995,
Dubrovskaya et al., 1996).

Previously, we have shown that functionally distinct
TFIID complexes composed of both common and specific
TAFs exist in human HeLa cells (Brou et al., 1993a;
Jacq et al., 1994; Mengus et al., 1995). Core TAF;s are
present in each TFIID complex, whereas specific TAF;s
can only be found in TFIID sub-populations often in
substoichiometric amounts as compared with TBP (Brou
et al., 1993a; Jacq et al.. 1994). By immunoprecipitating
TFIID complexes from chromatographically separable
fractions, which eluted from a phosphocellulose column
(PC) at different salt concentrations (0.3, 0.5 and 1.0 M
KCl), we were able to show that the different TFIID
complexes exhibited functionally distinct properties. Fac-
tors associated with the PC1.0-derived TFIID sub-popula-
tion were required for mediating transcriptional stimulation
by the activation functions of the oestrogen receptor (ER),
VP16 and transcriptional enhancer factor 1 (TEF-1), while
the PCO.3-derived TFIID sub-population mediated only
TEF-1 activation (Brou et al., 1993a). For example, a
specific TAFy;, hTAF;30, was identified from HeLa cells
and shown to be present in a subset of TFIID complexes
(Brou er al., 1993a; Jacq et al., 1994). hTAF;30 interacts
specifically with the hormone-binding domain of the ER
(Jacq et al., 1994). In support of our findings, several
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specific TAFys have also been described in a distinct
Drosophila (d) TFIID complex (Hansen et al.. 1995).
These specific dTAFys appear to be substoichiometric
when compared with the identified dTAF;s or TBP and
are thought to direct the promoter selectivity of TFIID
during transcription (Hansen et al.. 1995). Together the
studies described above highlight the possibility that
distinct TFIID complexes may have specific roles in
recognition of different promoters and/or interaction with
transcriptional activators dependent on their TAF;; com-
position.

Transcription is also controlled subsequent to initiation.
Different processes can be regulated during the elongation
reaction. such as transcriptional pausing. transcript cleavage
and reactivation, and post-translational modifications of Pol
II (for review see Kane. 1994). resulting in an increase in
the processivity of the polymerase (Yankulov er al.. 1994).
These observations imply that in the presence or absence of
activators different types of initiation events occur resulting
in the assembly of processive or non-processive transcrip-
tion elongation complexes. respectively

Here we report the cloning and characterization of a
novel specific TAF;;, hTAF;68, that was purified on
the basis of its association with a distinct TFIID sub-
population. hTAF;;68 shares extensive sequence similarity
with TLS/FUS and EWS. two human nuclear RNA-
binding pro-oncoproteins which are products of genes
commonly translocated in human sarcomas (Delattre et al..
1992; Crozat et al.. 1993). The consensus RNA-binding
domain of hTAF;;68 and its surrounding sequences bind
not only RNA but also single stranded (ss) DNA. Anti-
bodies raised against hTAF;;68 co-immunoprecipitate
TFIID and vice versa, anti-TBP or anti-TAF;;100 mAbs
co-immunopurify hTAF;;68. The structural homology
between hTAF;;68 and TLS/FUS may also be functional.
as TLS/FUS is also associated with TFIID complexes
which are distinct from those containing hTAF;;68. More-
over, hTAF;68 is also associated with the human RNA
Pol II and is able to enter into the PIC together with Pol
II. Our results suggests that hTAF;;68 could play a role
during both transcription initiation and elongation.

Results

Cloning and expression of a human
TFlID-associated protein

To understand better the function of the distinct TFIID
sub-populations we have further characterized novel
proteins from the same TFIID preparation that allowed us
to identify and clone the specific TAF}. hTAF;;30 (Jacq
et al., 1994). A 68 kDa polypeptide (hereafter called
hTAF;68) which is stably associated with this TFIID
complex in high stringency salt washes (700 mM KCI),
although in substoichiometric amounts when compared
with TBP or other core TAF;s (Figure 1A), was subjected
to microsequencing. The amino acid sequences of three
tryptic peptides (Figure 1B) were used to design degenerate
oligonucleotides for screening a HeLa cell cDNA library.
A c¢DNA clone was isolated containing an open reading
frame (ORF) encoding a protein of 589 amino acids with
a predicted molecular mass of 65 kDa (Figure 1B). The
three peptide sequences (Figure 1B) derived from the
tryptic digests of the endogenous protein were found
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within this ORF. To determine whether the isolated cDNA
encodes a protein with an apparent molecular mass
identical to that of endogenous hTAF;68. in vitro transcrip-
tion—translation was performed and the protein product
tested by Western blot analysis using an anti-TAF;;68
mouse antiserum. [n vitro translated hTAF;68 had the
same mobility in SDS-PAGE as the endogenous HeLa
cell hTAF;68 (Figure 3A. lane 1 and 2). These results
together confirm the identity of the isolated cDNA.

An amino acid similarity search using the Pearson and
Lipman method (Pearson er al.. 1988) revealed that
hTAF,,68 shares extensive sequence similarity with TLS/
FUS (74%) and EWS (70%). two human nuclear RNA-
binding proteins which are products of genes often trans-
located in human sarcomas (Delattre er al.. 1992: Crozat
et al.. 1993). Similar to TLS/FUS and EWS. the amino
acid sequence of hTAF;68 can be divided into three
putative functional domains. The N-terminal 160 amino
acid region is rich in glutamine (21%). serine (19%) and
tyrosine (15%). The corresponding regions of TLS/FUS
and EWS have been shown to function as transcriptional
activating domains (Ohno et al.. 1993. 1994: Prasad et al..
1994 Sanchez-Garcia et al.. 1994). The central region of
hTAF;68 contains a conserved 87 amino acid RNA-
binding domain. called the RNP-motif or RNP-CS (boxed
in Figure 1B: and see Kenan et al.. 1991: Burd et al..
1994). When compared with the family of RNP-motif-
containing proteins (Figure 1C). the hTAF;68 RNP shares
the highest degree of similarity with those of human TLS/
FUS (84% identity) and EWS (59% identity). and with
that of the Drosophila Cabeza protein (52% identity:
Stolow er al.. 1995). The C-terminal 270 amino acid
region of hTAF;68 contains 20 Arg-Gly-Gly (RGG)
repeats. initially described as an RNA-binding motif in
the hnRNP-U protein (Kiledjian et al.. 1992). and typically
found in combination with other types of RNA-binding
domains (Burd et al.. 1994). However. in hTAF;68 the
RGG repeats are not as closely spaced as in other RNA-
binding proteins (Kiledjian et al.. 1992). This C-terminal
region also contains 17 perfect and three imperfect closely
spaced Gly-Gly-Tyr-Gly-Gly-Asp-Arg repeats (GGYG-
GDR: bold characters underlined in Figure 1B). These
GGYGGDR repeats have not yet been described but. since
they overlap the RGG repeats. may define a new RNA-
binding motif.

hTAF,68 binds RNA and ssDNA

Next we determined whether the putative RNA-binding
motif(s) was able to confer RNA-binding activity to
hTAF;68. To test this. the full-length hTAF;68 (tagged
with six histidines) was overexpressed in SF9 cells using
the baculovirus expression system (see Materials and
methods), and a truncated version of hTAF;68. over-
lapping the RNP-motif. was overexpressed in Escherichia
coli as a glutathione S-transferase (GST) fusion protein.
The purified proteins (see Figure 2A. lanes 1-3) were
then used in North- and South-Western blots with RNA.
ssDNA and dsDNA probes. Labelled RNA bound both to
the recombinant His-TAF;;68 and the GST-RNP fusion
protein. but not to the GST control (Figure 2A. lanes 4-
6). Interestingly. the ssDNA probe. containing the AAMLP
sequence from —40 to —11. also bound efficiently to both
the full-length hTAF;68 and the RNP-motif-containing
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Fig. 1. Identification of hTAF68. (A) TFIID complex from the
phosphocellulose 1.0 M KCl fraction (PC1.0 TFIID) was
immunoprecipitated with the anti-TBP mAb 3G3 (Brou et al., 1993a),
the protein G-mAb bound TFIID complexes were washed with

700 mM KCI containing IP buffer, eluted with the corresponding
epitope peptide (Brou et al., 1993a), resolved by SDS-PAGE and
silver stained. TBP and known human Pol II TAFs (hTAF;s) including
hTAF};68 are indicated (Ruppert er al., 1993; Weinzierl er al., 1993;
Jacq et al., 1994; Chiang et al., 1995; Mengus et al., 1995). A
contaminating protein species that co-purified with the mAb is labelled
with an arrowhead. (B) Nucleotide sequence of the human TAF;;68
cDNA clone and the corresponding amino acid sequence is shown.
The hTAF;68 ORF extends from nucleotide 47 to 1814. The sequence
element corresponding to a potential polyadenylation signal is
underlined. The amino acid sequences determined by microsequencing
of peptides obtained after tryptic digestion of the endogenous

hTAF ;68 protein are underlined. The RNP-motif (Burd et al., 1994) of
hTAF68 is boxed. The Gly-Gly-Tyr-Gly-Gly-Asp-Arg (GGYGGDR)
repeats are shown with underlined bold characters. (C) Alignment of
the amino acid sequences of human (h) TAF;68, TLS/FUS (Crozat

et al., 1993), EWS (Delattre et al., 1992) and Drosophila (d) Cabeza
protein (Stolow et al., 1995) in the region corresponding to the
conserved RNA-binding domains or RNP-motifs (Kenan et al., 1991;
Burd er al., 1994). Identical amino acids in the three human proteins
are shown with bold characters. Secondary structural elements are
indicated according to Nagai er al. (1990), the four { sheets and the
two o helices are boxed.

C

RNP2

hTAFII68(232) [TIFVQGLGEGVS[TDQVGEFFKQIQ
hFUs (286) [TIFVQGLGENVTIIESVADYFKQIQ
hEWS (362) [AIYVQGELNDSVTLDDLADFFKQCQ
dCabeza (120) |TIFVSGMDPSTTEQDIETHFGAIL

beta-1 loop-1 alpha 1 loop-2 beta-2

mutant (lanes 7 and 8), whereas the corresponding dsDNA
probe did not (lanes 10-12). Thus, the RNA-binding motif
of hTAF;68 and its surrounding sequences has both RNA
and ssDNA-binding specificity.

The specificity of the ssDNA-binding activity of
hTAF;68 was further analysed by electrophoretic mobility
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shift assay (EMSA). The GST-RNP fusion protein forms
complexes with the same labelled ssDNA probe that was
used above in the South-Western blot experiment (Figure
2B, lane 2). These protein—ssDNA complexes are super-
shifted by the addition of anti-hTAF;68 mAb (lane 3)
indicating the specificity of these complexes. The GST-
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Fig. 2. hTAF;68 binds RNA and ssDNA. (A) The tull-length
hTAF;;68 was overexpressed in the baculovirus system (His-TAF;68)
and its RNP-motif as a GST fusion protein (GST-RNP). together with
the GST control. in E.coli. The purified proteins (1 ug of each) were
resolved by SDS-PAGE and stained by Coomassie Blue (CBB. lanes
1-3). The same samples were tested by North- and South-Western
blotting using a labelled RNA probe containing the rabbit -globin
gene sequences from -9 to +290 (lanes 4-6). labelled ssDNA probe
containing the coding strand of the Adenovirus Major Late promoter
(AAMLP) from —40 to +13 relative to the start site (lanes 7-9) and
labelled dsDNA probe containing both strands of the AAMLP from
—40 to +13 (lanes 10-12). (B) Analysis of DNA-binding properties of
hTAF;;68 by EMSA. The GST-RNP fusion protein was incubated
with a radiolabelled ssDNA probe. containing the coding strand of the
Adenovirus Major Late promoter (see panel A) to form protein—
ssDNA complexes (indicated). Anti-TAF;;68 mAb 2B10 was used to
supershift and confirmed the specificity of these complexes. The
binding preference of the protein was tested by preincubating GST-
RNP fusion protein with increasing amounts of unlabelled
deoxyoligonucleotide homopolymers (24 nt) as indicated (oligo-dA.
-dG. -dC. -dT: lanes 4-15). with unlabelled ssDNA probe (lanes 16—
18) or with the highest amount of ds oligo(dG/dC) (lane 19) or tRNA
(lane 20). The pre-formed complexes were then challenged by the
addition of labelled ssDNA probe and subjected to PAGE.

RNP fusion protein was then preincubated with unlabelled
deoxyoligonucleotide homopolymers prior to the addition
of the ssDNA probe. Increasing amounts of oligo(dG)
significantly inhibited the binding of the GST-RNP fusion
protein to the probe (lanes 7-9), almost as efficiently as
the unlabelled ssDNA probe itself (lanes 16-18). Olig-
o(dC) also has a very weak effect on binding of the GST-
RNP fusion protein to the ssDNA probe, but only at the
highest molar excess (2000-fold, lane 12). In contrast, no
inhibition of binding was observed when the GST-RNP
fusion protein was preincubated with either oligo(dA) or
oligo(dT) (lanes 4-6 and 13-15). In addition, 2000 molar
excess of either double stranded oligo(dGdC) or tRNA
has only a weak effect on the binding of the protein to
the ssDNA probe (lanes 19 and 20). In the presence of ds
0ligo(dGdC) and tRNA the non-specific background is
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less apparent suggesting that these molecules behave as
non-specific competitors in this experiment (note, that in
the binding studies shown in Figure 2A 20 pg/ml tRNA
was included as non-specific competitor). The ssDNA
probe used in the gel shift experiment corresponds to the
AdMLP sequence from —40 to —11 which contains 38%
of G. The GST-RNP fusion protein forms at least three
complexes with the single stranded probe suggesting that
more than one molecule of the RNP-containing protein
can bind to the probe. This is in good agreement with the
fact that the probe contains three dG stretches and that
the hTAF;;68 RNP-motif has the strongest affinity to
oligo(dG) sequences among the different homopolymeric
DNAs tested.

hTAF;,68 and TLS/FUS are present in distinct TFIID
complexes

Since hTAF;68 is substoichiometrically present in the
PC1.0-derived TFIID complex, the original PC chromato-
graphic fractions were tested for the presence of hTAF;;68
by Western blot analysis using the anti-TAF;;68 mouse
monoclonal antibody (mAb2B11). Interestingly. most of
the hTAF;;68 segregates away from the PC1.0 fraction
(Figure 3B, lanes 1-3). To verify the specific association
of hTAF;;68 with the PCI1.0-derived TFIID complex,
distinct TFIID complexes were immunopurified with an
anti-TBP mAb from the three different PC fractions (Brou
et al.. 1993a; Jacq et al.. 1994). The eluted TFIID
complexes (Brou et al., 1993a) were tested using the anti-
TAF;68 mAb (2B11). In agreement with the original
purification data, most of the hTAF;;68 was present in the
PC1.0-derived TFIID complex (Figure 3B, lane 4). All
the PC fractions contain TBP and hTAF;;68 (see Figure
3B, lanes 1-3 and 3C) however hTAF;;68 co-immunopre-
cipitates with TBP only from the PC1.0 fraction indicating
that hTAF;;68 is specifically associated with the PC1.0-
derived TFIID. Note, that the three different TFIID com-
plexes contain approximately the same amount of hTBP
and hTAF;;100 (Figure 3C), and function in Pol II tran-
scription (Jacq er al., 1994). To further confirm the
association of hTAF;;68 with the TFIID complex(es), the
PC1.0 fraction was immunoprecipitated with the anti-
TAF;;68 mAb (2B10). This antibody recognized the native
endogenous hTAF;;68, and it co-immunoprecipitated com-
ponents of the TFIID complexes such as hTBP and
hTAF;100 (Figure 3D, lane 1; and data not shown).
These results confirm that hTAF;68 is tightly associated
with TFIID.

The sequence similarity shared by hTAF;68. TLS/FUS
and EWS suggests that these proteins may all be present
in TFIID complexes. To test this possibility an anti-TLS/
FUS mAb that specifically recognized TLS/FUS in a HeLa
cell nuclear extract (Figure 3B, lane 10) was raised and
used to investigate whether any of the immunopurified
TFIID complexes described above (Figure 3C: and see
also Brou et al., 1993a; Jacq et al., 1994) contain TLS/
FUS. Western blot analysis demonstrated that TLS/FUS
was associated with TFIID complex (Figure 3B, lane 9).
Interestingly. TLS/FUS was specifically detected in the
PC0.3-derived TFIID complex but was absent from both
the PC0.5- and the PCIl.0-derived TFIID complexes
(Figure 3B, compare lanes 7-9). To confirm that TLS/
FUS and hTAF;;68 are truly associated with TFIID com-
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Fig. 3. hTAF;;68 and TLS/FUS are present in distinct TFIID
complexes. (A) The hTAF;68 cDNA was in vitro transcribed/
translated in a rabbit reticulocyte lysate system (lane 2) and compared
with the endogenous hTAF;;68 from a HeLa cell nuclear extract (NE,
lane 1) by Western blot analysis using a mouse antiserum raised
against a 17 amino acid peptide (amino acids 213 to 229, see Figure
1B). Note that the antiserum revealed a non-specific protein species
(NS) in both the TAF|;68 containing rabbit reticulocyte lysate (lane 2)
and in the control reticulocyte lysate (CRL, lane 3). (B) Fractions
eluting from the PC column at 0.3 (PCO0.3), 0.5 (PC0.5) and 1 M
(PC1.0) KClI concentrations (see also Figure 5A) were analysed by
Western blot using an anti-hTAF;68 mAb (lanes 1-3). TFIID
complexes were immunopurified from the PC1.0 (lane 1), PC0.5 (lane
2) and PCO.3 (lane 3) fractions (Input) with an anti-TBP mAb 3G3.
The TFIID complexes were then eluted with an excess of the
corresponding epitope peptide (Brou et al., 1993a) and analysed by
Western blot using an anti-hTAF;;68 mAb (lanes 4-6) or an anti-TLS/
FUS mAb (lanes 7-9). The anti-TLS/FUS mAb recognizes the
endogenous TLS/FUS protein in HeLa cell nuclear extract (NE; lane
10) and does not cross-react with hTAF;;68 (compare lanes 4 and 7).
(C) The three different TFIID complexes analysed in panel B were
tested by Western blot using the anti-TBP mAb3G3 and the anti-
hTAF;1100 mAb 2D2. (D) The anti-hTAF;;68 mAb immunoprecipitates
TBP-containing complexes. Phosphocellulose 1.0 M KClI fraction was
immunoprecipitated by using either an anti-hTAF;;68 mAb (lane 1) or
an unrelated control mAb (lane 2). After five washes with 700 mM
KCI containing IP buffer, resin-bound proteins were analysed by
Western blot with an anti-TBP mAb 3G3. (E) The anti-

hTAF;;100 mAb 2D2 immunoprecipitates both hTAF;68 and TLS/
FUS. Phosphocellulose 1.0 M KClI (lane 1) and 0.3 M KCI (lane 2)
fractions were immunoprecipitated by using the anti-hTAF;;100 mAb
2D2, resin-bound proteins were resolved by SDS-PAGE and analysed
by Western blot with an anti-TAF;;68 mAb and an anti-TLS/FUS
mAb. In (A-C) and (E) the immunoglobulin heavy chain is indicated
(IgGH).

plexes, and not with free TBP or other TBP-containing
complexes, immunoprecipitation was performed on the
PCO0.3 and the PC1.0 fractions using an antibody against
hTAF;100, a core TAFy; present in all hTFIID complexes
characterized to date (Dubrovskaya et al., 1996). Both
hTAF;68 and TLS/FUS are immunoprecipitated by the

5026

TAF ;250§
TAF; 100— - b
TAFp68 —»"gm = = ¢C

TBP—» v o
el .

Fig. 4. Comparison of the extent of association of different TAF;s
with TBP. Proteins from a HeLa whole cell extract (WCE) were
immunoprecipitated with the anti-TBP mAb 2C1. The WCE (lane 1),
the supernatant of the immunoprecipitation (SN; lane 2) and the TBP-
containing complexes (IP; lane 3) were separated by SDS-PAGE,
blotted and the same blot tested successively with antibodies raised
against (a) hTAF;;250 (Sekiguchi et al., 1991), (b) hTAF;100 (1TA),
(c) hTAF168 and (d) TBP (3G3).

anti-hTAF;100 mAb 2D2 (Figure 3E, lane 1 and 2). Thus,
TLS/FUS and hTAF;68 are indeed associated with distinct
TFIID complexes and may therefore contribute to the
functional differences observed for these complexes (Brou
et al., 1993a; Jacq et al., 1994). It remains to be tested
whether EWS, the third member of the TET (TLS/FUS,
EWS, TAF;,68) family, is also associated with TFIID.

hTAF,68 is also associated with the human RNA
Pol Il complex

Since hTAF};68 appeared not to be exclusively associated
with TFIID (see Figure 3B, lanes 1-6), the extent of
association of different TAFys with TFIID complexes
was compared with that of hTAF;68. TBP-containing
complexes were immunoprecipitated from HelLa whole
cell extracts (WCE) with the anti-TBP mAb (3G3). The
WCE, the supernatant of the immunoprecipitation and the
TBP-containing complexes were analysed by Western blot
with anti-TBP and different anti-TAF; antibodies. As
shown in Figure 4, all of hTAF;100 and TBP are immuno-
precipitated by mAb 3G3 (panels b and d). In contrast,
90-95% of the total hTAF;250 (CCGI1) was found in
TBP-free fractions (Figure 4, panel a). Similarly, only 5-
10% of the cellular hTAF;68 (and TLS/FUS; data not
shown) is associated with TBP-containing complexes
(Figure 4, panel c). These results confirm that hTAF;;68
is not exclusively associated with TFIID and suggest that
hTAF;;68 may have several roles in the cell.

Thus, a number of chromatographic fractions obtained
during the purification of different Pol II transcription
factors were tested for the presence of hTAF;68 (Figure
5A and data not shown). This analysis showed that the
significant portion of hTAF};68 that is present in the PCO0.5
fraction (see Figure 3B, lane 2 and 5B, lane 3) co-purifies
with Pol II that is both free from other basal factors and
active in a reconstituted transcription system (Dubrovskaya
et al., 1996). hTAF;68 co-purifies with the RNA poly-
merase II over five columns as determined by Western
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Fig. 5. (A) The chromatography protocol used to purify Pol II is outlined. The concentrations of KCI and ammonium sulphate (AS) used in column
elutions are indicated. (B) hTAF;68 co-purifies with Pol II. The different chromatographic fractions (see Materials and methods and panel A)
resulting in approximately the same Pol II activity. in a reconstituted transcription system, were tested by Western blot with an anti-TAF;;68 mAb
and a mAb raised against the 25 kDa subunit of Pol II (hRPB5). Hep. heparin-Ultrogel column: PC. phosphocellulose P11 column: DE. DEAE 5PW
HPLC column: 6. phenyl-5PW HPLC column. (C) Anti-TAF;;68 mAb immunoprecipitates the Pol IT complex. 500 pl of HeLa cell nuclear extract
was immunoprecipitated with 20 ug of mAb2B10 or unrelated mAb (2GV3: White er al.. 1992) bound to 100 pl of protein G resin. After five
washes with IP buffer containing 1 M KClL, 5 pl of the resin was boiled and proteins were resolved by SDS-PAGE and analysed by Western blot
with an anti-CTD antibody. The position of the largest subunit of Pol 11 (hRPB1) and the immunoglobulin heavy chain is indicated (IgGH).

blot using an antibody raised against the 25 kDa subunit
of Pol II (hRPB5) and an anti-TAF;;68 mAb (Figure 5B).
To verify further the association of hTAF;68 with Pol 1II.
hTAF;68 was immunopurified from HeLa cell nuclear
extracts with an anti-TAF;;68 mAb. The complexes were
washed at 1 M KCI and hTAF;;68-bound proteins were
analysed by Western blot (Figure 5C). The anti-TAF;68
mAb clearly co-immunoprecipitated Pol II (Figure 5C.
lane 1), as detected using an antibody raised against the
C-terminal domain (CTD) of the largest subunit of Pol II
(hRPB1), while the control unrelated mAb did not (lane
2). This interaction was resistant to nuclease treatments
indicating that this is a direct protein—protein interaction
with the Pol II complex (data not shown). These results
show that hTAF};68 is tightly associated with the Pol II.

hTAF,68 incorporates into the PIC together with
Pol Il

To determine whether hTAF;68 is present in the PIC.
or enters only into the ternary transcription elongation
complex. EMSAs were carried out with **P-labelled oligo-
nucleotides encompassing the ADMLP TATA box. Using
recombinant (TBP, TFIIA and TFIIB) or purified (TFIIF
and Pol II) transcription factors the DBPolF was formed
on the AAMLP TATA box (Figure 6, lane 1). As expected,
apart from TFIIA, all of these factors are indispensable
for the formation of DBPoIF complex since when one of
them was omitted the complex did not form (Figure 6A.
lanes 2—6: see also Cortes et al.. 1992; Flores et al., 1992).
An antibody raised against the CTD of the largest subunit
of Pol II (mAb7GS5), which inhibits transcription in vitro
(data not shown). destroyed the DBPoIF complex (Figure
6B. lane 6) further confirming the specificity of this
complex. The Pol II fraction used in these experiments
contains hTAF;68 (Figure 5B. lane 4). Therefore, we
tested whether hTAF;;68 was also incorporated in the
DBPolIF complex by adding the anti-TAF;68 mAb (2B10)

b

Fig. 6. hTAF;68 incorporates into the PIC together with Pol 1.

(A) The protein—-DNA complexes were assembled as described in
Materials and methods and contained 50 ng of rTBP. rTFIIA subunits.
rTFIIB. 3 pl of TFIIF and Pol Il-containing fractions as indicated at
the top of the panel. The position of the DNA-TBP-TFIIB-TFIIF-Pol
11 (DBPoIF) complex is indicated. (B) The TATA box-DBPolF
complex was assembled as in (A) and further incubated with the
different antibodies as indicated at the top of the panel. The positions
of the migration of the DBPoIF complex and the corresponding
complexes with either the anti-TAF;;68 mAb or with the anti-TFIIFB
mAb (Ab-DBPoIF) are indicated. Note that to separate better the
preinitiation complexes the free oligonucleotide probe was run out
from the gel (see Materials and methods). GAMPO. peroxidase-
conjugated goat anti-mouse [gG+IgM second antibodies .

- HNHAN

to supershift the complex. The DBPolF complex has a
molecular mass >750 kDa. To supershift this large pro-
tein—-DNA complex by the anti-TAF;;68 mAb (2B10) it
was first preincubated with peroxidase-conjugated goat
anti-mouse antibodies (GAMPO). The anti-TAF;;68 anti-
body-GAMPO complex was able to supershift the DBPolF
complex (Ab-DBPolF; Figure 6B, lane 4) while GAMPO
alone had no effect (Figure 6B, lane 5). As a positive
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control a mAb directed against the small subunit of
TFIIF (RAP30) was used. This anti-TFIIF mAb when
preincubated with GAMPO supershifted the DBPolF com-
plex to the same position as the anti-TAF};68 antibody-
GAMPO complex (compare lanes 2 and 4). Moreover, an
antibody complex containing GAMPO and an unrelated
mAb had no effect on the migration of the DBPolF
complex (Figure 6B, lane 7). In the experiments described
above r'TBP was used and not TFIID. Therefore the only
source of hTAF;68 in these fractions is the Pol II fraction.
The fact that the DBPoIF preinitiation complex is super-
shifted by the anti-TAF;68 mAb indicates that hTAF;;68
enters this complex together with Pol II and remains stably
bound even under the stringent conditions of EMSA.

Discussion

Here we report the cloning and the characterization of
a novel TFIID-associated factor, hTAF;68, which has
homology to human pro-oncoproteins and is associated
with two multiprotein complexes involved in Pol II
transcription, TFIID and the RNA polymerase II.

hTAF,68 is a member of a growing sub-family of
RNP-motif-containing proteins

RNP-motif-containing proteins have been described as
being involved in numerous and diverse pathways of post-
transcriptional regulation of gene expression (Burd et al.,
1994). We demonstrate for the first time that two different
RNP-motif-containing proteins, hTAF;68 and TLS/FUS,
are present in Pol II transcription complexes indicating
that these proteins may be involved in Pol II transcription.
hTAF;;68 and TLS/FUS are members of the consensus
RNA-binding domain (RNP-motif, RNP-CS) containing
protein family. It is now clear that amongst the RNP-motif-
containing proteins hTAF;68 and TLS/FUS, together with
EWS and the Drosophila Cabeza protein, belong to a new
sub-family of proteins, which we have called the TET
family (see Results and Figure 1C). All members of this
growing sub-family of RNP-CS-containing proteins have
an unusually large predicted loop structure (loop-2)
between o-helix-1 and B-sheet-2 of the RNP-motifs and
contain similar substitutions (Phe—Asp or Glu and Gly—
Ala) in the highly conserved RNP-1 box (see Figure 1C
and Crozat et al., 1993).

TLS/FUS and EWS play a role in tumour formation
following chromosomal translocations which result in the
C-terminal half (including the RNA-binding domain) of
the proteins being replaced by the DNA-binding domains
of different transcription factors (Rabbitts, 1994). To
understand how these chimeric fusion proteins induce
tumour formation it is important to understand their normal
function. The N-terminal ~200 amino acid regions of both
TLS/FUS and EWS are glutamine-, serine- and tyrosine-
rich and can act as strong transcriptional activators when

fused to a DNA-binding domain (Ohno et al., 1993, 1994;

Prasad et al., 1994; Sanchez-Garcia et al., 1994). Similarly,
the N-terminal region of hTAF;68 contains a strong
activation domain when fused to the DNA-binding domain
of GAL4 (data not shown). Interestingly, some basal
transcription factors have also been shown to activate
transcription when fused to DNA-binding domains (Seipel
et al., 1993; Marsolier et al., 1994; Chatterjee et al., 1995;
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Klages et al., 1995). These findings, together with the
results presented in this study provide the first indication
for the normal functions of the TET proteins in basal
transcription.

The TFIID connection

Previously we have shown that functionally distinct TFIID
complexes exist, composed of core and specific TAFys
(see Introduction and Brou et al, 1993a; Jacq et al.,
1994). To understand the functional differences observed
for these TFIID complexes, TAFys that are unique for
a distinct TFIID sub-population must be characterized.
hTAF;68 is a bona fide TAFy based on the following
lines of evidence: (i) it co-immunoprecipitates with TBP
and TAF;;100 using highly stringent conditions (700 mM
KCl washes); (ii) anti-hTAF;68 mAbs co-imunoprecipitate
both TBP and TAF;;100 and (iii) a highly related protein,
TLS/FUS is also associated with a TFIID sub-population.
The fact that anti-hTAF;;68 antibodies recognise hTAF;;68
mainly in the PC1.0-derived TFIID complex (Figure 3B)
demonstrates that h"TAF;68 is a specific TAFy;. In addition,
TLS/FUS is also a specific TAF; since it was found to
be associated with a functionally different TFIID sub-
population, the PCO.3-derived TFIID complex (Figure 3B;
and see also Brou et al., 1993a; Jacq et al., 1994).

Surprisingly, comparison of the amounts of core and
specific TAFys associated with TBP versus the amounts
of those TAFys present in TBP-free fractions revealed
that amongst those tested only the core TAFy;, hTAF100,
was almost exclusively associated with TBP (Figure 4,
panels b and d). In contrast, a significantly large amount
of core TAFys, such as hTAF;;250 and hTAF;55, and also
specific TAFys, such as hTAF;68, TLS/FUS and hTAF;;30
were present in TBP-free fractions (Figure 4, panels a and
¢; and data not shown). These results suggest that most
of the TAFys, including core and specific TAFys, may
have several roles in the cell. In agreement with this,
hTAF};250 was first identified as a protein (CCG1) which
plays a role in G, phase progression during the cell
cycle (Sekiguchi et al., 1991). However, it has not been
determined whether the TBP-associated hTAF;250 or
hTAF};250 present in the TBP-free fraction is involved in
normal cell cycle progression. In the future it will be
interesting to study the role of TAFys such as hTAF;68,
hTAF;;55 and hTAF30 in cellular processes other than
transcription initiation.

Recently, putative substoichiometric Drosophila TAFys
have been described that seem to play a role in determining
promoter selectivity (Hansen et al., 1995). The Drosophila
protein, Cabeza (also called Sarcoma-Associated RNA-
Binding Fly Homologue; Immanuel ez al., 1995; Stolow
et al., 1995) which also belongs to the same sub-family
of RNP-motif-containing proteins as hTAF;;68, TLS/FUS
and EWS (see Figure 1C), was shown to be associated
with regions of chromatin transcribed by Pol II (Immanuel
et al., 1995). Thus, it would be of particular interest to test
whether the 46 kDa substoichiometric dTAF;; described by
Hansen and Tjian (1995) would correspond to an isoform
of Cabeza (SARFH type 2; Immanuel et al., 1995) which
has an apparent molecular weight of 45 kDa.

The presence of RNA and/or ssDNA-binding proteins
in different TFIID complexes may provide new clues
for the understanding of TFIID function. Similarly to



hTAF;;68, TLS/FUS and EWS have also been shown to
bind ssDNA (Prasad et al., 1994). Thus, these proteins
may have a role during the PIC conversion from a ‘closed’
to an “open’ conformation. Moreover, hTAF;;68 and the
other members of the TET sub-family may participate in
defining the promoter selectivity of the distinct TFIID
complexes. Alternatively it is also possible that these
proteins by binding to the 5” end of the newly synthesised
RNA, play a role in RNA chain initiation and can make
a bridge between the PIC and the elongation complex (see
also below).

The RNA polymerase Il connection

Several lines of evidence indicate that hTAF;68 is also
tightly associated with the Pol II: (i) a portion of hTAF;,68
co-purifies with Pol II on five subsequent chromatographic
columns. (ii) hTAF;;68 cannot be dissociated from Pol II
by high salt washes (1 M KCI; Figure 5C). the salt
concentration that was shown to promote the dissociation
of elongation factors, like TFIIF and TFIIS, from the
elongation complexes (Flores et al.. 1989: Sopta et al.,
1989) and (iii) hTAF;;68 enters the PIC. together with Pol
II and remains stably bound even under the stringent
conditions of EMSA. The strong association of hTAF;68
with the Pol II complex suggests that hTAF;;68 may be
present in the elongation complex. Furthermore, TAF;68
may also be a member of the human holo-polymerase 11
complex (Ossipow et al., 1995). Anti-CTD antibodies are
known to dissociate the core RNA polymerase II from the
mediator complex constituting the yeast holo-polymerase
complex (Kim er al.. 1994). In good agreement with the
suggestion that hTAF;68 is also a component of the
human holo-polymerase complex the anti-CTD antibodies
do not immunoprecipitate hTAF;68 (data not shown)
under the same conditions as those in which anti-TAF;;68
mAbs immunoprecipitate Pol II (Figure 5C).

To date two different TAF,;s. yTAF30 and hTAF68.
have been identified as components of more than one
transcription complex (Henry et al., 1994; this study).
These findings. together with the recent data that TAFys
interact functionally with other basal transcription factors
(Ruppert et al.. 1995; Dubrovskaya et al., 1996) suggest
that TAF ;s play an important role in the cross-talk between
various components of the basal transcription machinery.
Moreover, it is tempting to speculate that hTAF;68 enters
the PIC with TFIID and when elongation begins hTAF;68
becomes associated with the elongating Pol II complex
and/or with the nascent transcript.

Materials and methods

Purification of the TFIID complexes and polypeptide
sequencing of hTAF,68

Nuclear extracts from 1X10'* HeLa cells were prepared and purified on
heparin Ultrogel. phosphocellulose P11 and phenyl-5PW columns as
described in Brou et al. (1993a). For the preparative immunoprecipitation
of TFIID complexes 80 mi (16 mg) of the PC1.0-derived phenyl SPW
fraction. containing TFIID. was used with 3 ml of protein G-Sepharose
and 2 mg anti-TBP mAb. 3G3 (Brou er al.. 1993a). Bound TFIID was
eluted by using an excess of the corresponding epitope peptide. The
cluted TFIID was dialysed against buffer S (5 mM NaCl. 0.5 mM Tris-
HCI pH 7.9. 5 uM DTT. 0.01% SDS) for 6 h. lyophilized. resolved by
SDS-PAGE. transferred to a PVDF membrane and the 68 kDa polypep-
tide was digested with trypsin and microsequenced as described by
(Brou er al.. 1993b).

hTAF;68 nucleic acid-binding protein

Cloning of hTAF,;,68 cDNA

The three peptide sequences underlined in Figure 1B were used to design
degenerate oligonucleotide probes for screening a HeLa cell oligo(dT)
primed ¢DNA library made in the AZAP Il system according to
Stratagene. After the third round of screening three positive clones were
further analysed and sequenced. The longest of them had an insert of
2.1 kb. and contained an ORF encoding 589 amino acids. Three peptide
sequences from tryptic digest of hTAF|;68 were found within this ORF.

Expression of recombinant hTAF,68

The hTAF;;68 cDNA was excised from the BSK+ vector by Pstl-Kpnl
digest and inserted in the same sites of the pAcSG-His NT-C vector
(PharMingene). SF9 cell infection and whole cell extract preparation
were performed as described in O'Reilly er al. (1992). The His-TAF;68
was 90% pure in the SF9 cell pellet (Figure 2. lane 1). The cell pellet
was dissolved in SDS sample buffer. boiled and loaded on SDS-PAGE.
To construct the GST-RNP expression vector a partial hTAF;;68 cDNA
clone (encoding for amino acids 175—414) was inserted in the Smal-
Xhol sites of the pGEX-4T3 vector (Pharmacia). GST protein overexpres-
sion and purification was as described in Smith and Johnson (1988). In
vitro transcription-translation was performed by standard methods using
the rabbit reticulocyte lysate kit (Promega).

Immunization and monoclonal antibody production
Immunization and monoclonal antibody production were essentially as
described by Brou er al.. (1993a). Mice were injected intraperitoneally
three times at 2 week intervals either with 100 pug of the synthetic
peptides PC 84 (hTAF;;68 amino acids from 213 to 229) or PCI83
(TLS/FUS amino acids from 266 to 283: see Crozat et al.. 1993) coupled
to ovalbumin or purified GST-RNP (of hTAF;;68) fusion protein. Mice
injected with hTAF;;68 synthetic peptide-coupled ovalbumin generated
mAb2B11 and GST-RNP (of hTAF;68) injected mice resulted in
mAb2B10. Mice injected with TLS/FUS peptide-coupled ovalbumin
generated mAb1D2. Spleen cells were fused with Sp2/0.Ag 14 myeloma
cells and culture supernatants at day 10 were tested on recombinant and/
or endogenous hTAF68 proteins by Western blot analysis. immuno-
staining of transfected Cos-1 cells and ELISA. The anti-TBP mAb
(3G3). the anti-CTD mAb and the anti-hTAF;;100 mAbs (1TA and 2D2)
were described previously (Brou er al.. 1993a: Besse et al.. 1995:
Dubrovskaya et al.. 1996). The anti-hRPB 25 mAb was raised against
the E.coli overexpressed and purified 25 kDa subunit of Pol II (a kind
gift from J.Acker and M.Vigneron). The anti-TFIIFf (RAP30) mAB
was raised against the E.coli overexpressed small subunit of TFIIF (a
kind gift from C.Chalut and J.M.Egly).

Immunoprecipitation and Western blot analysis

MAbs were purified from ascites fluids using caprylic acid precipitation
followed by precipitation with 50% ammonium sulphate and dialysed.
Immunoprecipitation was performed as described (Brou er al.. 1993a).
Routinely 0.5-1 ml of the indicated fractions were immunoprecipitated
with 50-100 ul protein G-Sepharose (Pharmacia) and 25 pg of the
different mAbs as indicated in the legends to the figures. Antibody—
protein G-Sepharose bound complexes were washed three times with
IP buffer [25 mM Tris—HCl pH 7.9. 10% (v/v) glycerol. 0.1% NP40.
0.5 mM DTT. 5 mM MgCl,] containing 700 mM (or more) KCI and
twice with IP buffer containing 100 mM KCI. After washing bound
proteins were either eluted with an excess of the corresponding epitope
peptide and analysed by SDS-PAGE or 2-10 ul beads were boiled
directly in SDS sample buffer and protein analysed on SDS-PAGE.
Protein samples were then transferred to nitrocellulose membrane. and
probed with the indicated antibody. The detection using an ECL Kit
(Amersham) was by standard methods.

South- and North-Western blot analysis

The RNA probe was synthesized with T7 RNA polymerase from the
Ncol digested pAL4 plasmid (Ponglikitmongkol er al.. 1990) using
[0-**P]CTP and NTPs. The ss- and dsDNA probes were labelled using
[y-**PJATP and T4-polynucleotide kinase. Purified proteins were resolved
on a 10% SDS-PAGE and either stained with Coomassie Blue (CBB)
or transferred to a nitrocellulose membrane. The blots were prehybridized
for 30 min at room temperature in buffer H (20 mM Tris-HCI pH 7.9.
50 mM NaCl. 1 mM DTT. 6 mM MgCls) containing 1% BSA.
20 pg/ml yeast transfer RNA and 3 U/ml RNasin. Hybridization was
done for 1 h under the same conditions with 1.5x10° c.p.m./ml with
each of the above described probes. The blots were washed three times
for 15 min in buffer H and exposed to X-ray films for the appropriate time.
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Purification of Pol Il and basal transcription factors
Pol Il was purified as follows (all procedures were performed at 4°C):
the heparin-Ultrogel 0.6 M KCl-derived phosphocellulose 0.5 M KCI
(PCO0.5) fraction (Brou et al., 1993a) was loaded on a DEAE-5PW
HPLC column in 50 mM KCI containing buffer A [25 mM Tris-HCl
pH 7.9, 0.5 mM DTT, 0.1 mM EDTA, 10% glycerol (v/v)] and eluted
by steps with the same buffer containing 0.15 M, 0.25 M and 1 M KCl.
Pol I was eluted between 0.25 and 1| M KCl and the Pol II-containing
fractions were not contaminated by other basal transcription factors as
verified by Western blot analysis (data not shown). To further purify Pol
11, the DEAE-5PW HPLC fractions containing Pol II were pooled and
loaded on a phenyl-5SPW HPLC column in buffer A containing 0.9 M
ammonium sulphate and proteins were eluted with a linear 0.9-0 M
ammonium sulphate gradient. Pol II eluted in fractions containing
~0.12 M ammonium sulphate. The Pol II-containing fractions were
reconcentrated on a DEAE-5PW HPLC column as described before.
The E.coli overexpression and the purification of recombinant human
TBP, His-TFIIA o/f, His-TFIIAY and TFIIB. were described previously
(Moncollin et al.. 1992; Brou et al.. 1993a; Sun et al., 1994). To purify
TFIIF the PCO.5 fraction (Brou et al.. 1993a) was loaded on a phenyl-
SPW HPLC column in buffer A containing 0.9 M ammonium sulphate
and proteins were eluted with a linear 0.9-0 M ammonium sulphate
gradient. TFIIF eluted in fractions containing ~0.7 M ammonium sulphate
and were not contaminated by other basal transcription factors as verified
by Western blot analysis (data not shown). All protein fractions were
dialysed against buffer B [25 mM Tris-HCI pH 7.9, 50 mM KCl,
0.5 mM DTT, 0.1 mM EDTA. 20% glycerol (v/v)].

Electrophoretic mobility shift assay (EMSA)

For the ssDNA-binding specificity determination (Figure 2B), 20 ng of
the GST-RNP protein was incubated for 15 min at 30°C with 50 fmol
(20 000 c.p.m.) of a single stranded 32P-5'-end labelled oligonucleotide,
containing the AAMLP sequences from —40 to —11. Where indicated,
the recombinant protein was preincubated with either mAb2B 10 or with
a 20, 500 or 2000 molar excess of deoxy-oligonucleotide homopolymers
or with 2000 molar excess of ds oligo(dG/dC) (lane 19) or tRNA (lane
20). 20 pl reaction mixtures contained final concentrations of 12 mM
HEPES pH 8, 60 mM KCI, 5 mM MgCl,, | mM DTT, 0.5 mM EDTA,
0.05% NP40, 10% glycerol (v/v) and 1 ug BSA. The complexes were
separated by electrophoresis through a 5% polyacrylamide gel using
0.5XTBE buffer [SO mM Tris base, 50 mM boric acid and 1 mM EDTA
(pH 8.3)] at 120 V. The gels were then dried and subjected to
autoradiography.

In Figure 6, protein components (as indicated) were first preincubated
for 10 min on ice with 500 ng poly(dG-dC)/(dG-dC). Then 50 fmol
(20 000 c.p.m.) of a double stranded **P-5'-end labelled oligonucleotide,
containing the AdMLP sequences from —40 to —11, was added to the
reactions and incubated for 30 min at 30°C. Where indicated (see Figure
6B) antibodies were added and the reactions were further incubated for
another 15 min at 30°C. Electrophoresis was carried out as above except
that the free probe was run out of the gel.
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